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a b s t r a c t 

In this paper, the novel design of a force-controlled end-effector for automated polishing processes is presented. 

The proposed end-effector is to be integrated into a macro-mini robot polishing cell. The macro robot (in this 

study, it is a six-axis industrial robot) is used to position the mini robot (the proposed end-effector) according 

to the workpiece profile while the mini robot controls the polishing force. Th end-effector has a polishing head 

that can be extended and retracted by a linear hollow voice coil actuator to provide tool compliance. The main 

advantage of the proposed design is that it allows this motion without extending or retracting the polishing motor 

nor spindle, which reduces the inertial effects that may results in undesired vibrations. By integrating a force 

sensor, the polishing force is measured and fed back to the controller to regulate it according to the polishing 

pre-planned requirements. The effectiveness of the proposed device to track a certain desired force with step 

changes under different feed rates has been examined through polishing experiments. The results demonstrate 

the effectiveness of the presented device to reduce the vibration and achieve remarkable force tracking. 

© 2017 Elsevier Ltd. All rights reserved. 

1. Introduction 

Polishing process is considered as one of the essential final machin- 

ing processes in various precision industries including die and mould 

manufacturing, airfoils, camshaft, crankshaft and sculpture. It is used 

to remove surface and subsurface damages and improve its roughness 

[1–3] . However, the polishing processes of these parts are primarily 

conducted manually, which is not only time-consuming and exposes la- 

borers to high noise levels and metal dust environments, but also it is 

difficult to maintain a stable polishing operation for long time [4] . For 

example, to manufacture a mold or die, the time spent on the polish- 

ing process accounts for 37 − 50 % of the total manufacturing time [5] . 

In addition, labors conducting manual polishing for long time may get 

”vibration white finger ” or other musculoskeletal diseases [6] . Further- 

more, to obtain quantitative and qualitative processing, some compa- 

nies may have difficulty in recruiting and training sufficient numbers of 

highly skilled manual workers [7] . 

In order to address the above mentioned limitations, some industries 

are strongly motivated to seek and implement alternative solutions in 

their manufacturing processes such as computer numerically controlled 

(CNC) machines and industrial robots [8–10] . CNC machines have re- 
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markable positioning accuracy and splendid ability to simultaneously 

adjust the trajectory, posture, and force during polishing tasks [11] . 

However, the limited available working space of these machines usu- 

ally leads to process one part in multiple stages and restricts the size 

of the workpiece. In addition, special fixtures and techniques to pro- 

duce the surfaces with complex shapes are needed [12] . Apart from the 

working space, polishing processes do not require a high positioning ac- 

curacy otherwise human operators could not be able to perform them 

nevertheless it requires accurate force control. 

In recent years, robotic machining and finishing have attracted many 

researchers due to its advantages compared with CNC machines, such 

as low cost, higher flexibility and greater capability of integration with 

actuators, sensor and different end-effectors [13] . Furthermore, indus- 

trial robots deal with various types of workpieces, such as large-sized or 

complex workpiece without any need to special fixtures. Hence, indus- 

trial robots become an effective and economical solution for material 

removing process from geometrically complex workpieces regardless of 

the workpiece size [14] . 

In order to achieve a human-like polishing, the polishing tool should 

have some flexibility which generally includes passive compliance or ac- 
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tive compliance control. In passive compliance control, by using a pas- 

sive mechanical element such as springs, the contact force between the 

workpiece and the polishing tool is converted to a natural obedience de- 

formation. On the other hand, the active compliance control, also known 

as force control, employs a closed control loop to regulate the contact 

force between the polishing head and the workpiece [4,15,16] . 

The later approach is categorized according to hardware into two 

techniques; the first techniques is through-the-arm ’s force control sys- 

tem and the second one is around-the-arm by external active end- 

effector. Although through-the-arm technique requires minimal hard- 

ware, the slow response of the robot arm due to its high inertia limits the 

bandwidth of the system. Alternatively, in around-the-arm technique, 

the industrial robot arm, also called macro robot, traces a nominal path 

around the workpiece while the force adjustments are performed by the 

end-effector, also called mini robot [17] . Because only the mini robot 

(usually it is a light actuator with a high bandwidth control loop) con- 

trols the contact force, it allows a higher bandwidth and accuracy to be 

achieved [18] . 

Researchers have developed several approaches from hardware 

and software perspectives to improve the macro-mini robot. Bone 

and Elbestawi [18] designed a unit (mini robot) that allows robot- 

independent positioning along two orthogonal axes with high accu- 

racy and bandwidth. They employ a combination of DC servo motors 

with ball screws for the mini robot. Gloria et al . [19] integrated a two- 

degree of freedom mini-manipulator into a parallel kinematic mecha- 

nism. The mini-manipulator allows normal force control to maintain 

constant chamfer depth and it controls the tangential position of the 

spindle along the feed direction. Because of the limited range of the 

mini-manipulator, it may reach its workspace limit while the macro fol- 

lows the nominal path without compensating for the positional discrep- 

ancy if the workpiece has a large geometrical error. In order to solve this 

problem, Arifin [20] proposed a motion control framework for macro- 

mini manipulator such that the position control of the macro presents 

in the same axis as the force control of the mini. Furthermore, Liao et 

al . [21] designed an active axial-compliant force end-effector that con- 

sists of three pneumatic cylinders. The cylinders are evenly distributed 

and constrained to move only in the direction of the tool axis to allow 

the spindle to be held in the center of the moving platform. Wu et al . 

[22] proposed an adaptive neural network compensator to the mini ’s 

control system to eliminate the dynamic coupling effect coming from 

the macro system in real time. Ma and Yang [23] proposed a three- 

legged prismatic-prismatic-spherical parallel manipulator for a dexter- 

ous 3-DOF force-controlled end-effector module. Lew [24] developed 

a flexible micro/macro-manipulator can make smooth contact with a 

rigid surface without instability. The controller is combined with the 

force damping (FD) controller [25] and the inertial force active damp- 

ing (IFAD) controller [26] . The FD controller regulates the contact force 

while the IFAD controller dissipates the impact. Roveda et al . [27] devel- 

oped a strategy that allows to track a desired force while compensating 

for the robot base dynamics through the estimation of the interacting 

environment stiffness and the robot base state. Furthermore, Lew et al . 

[28] proposed an active damping controller for a manipulator mounted 

on a compliant base. 

Although the above mentioned designs improve the performance of 

the macro-mini robot approach, a common drawback is existing in all 

polishing devices those integrated in macro-mini robot systems. The 

drawback is moving of the polishing motor, spindle and polishing head 

using the mini robot as shown in Fig. 1 . Generally, the loads of these 

items are considerable specially the polishing motor. In addition, the 

holding force of the mini robot is expected to be relatively small due to 

its size limitation. Hence, if these loads are carried by the mini robot, 

the holding force of the mini robot needs to be increased and conse- 

quently its physical size and inertia should be increased. Because the 

macro robot carries the mini robot, a large macro robot is needed if 

the mini becomes heavier and thus the total cost of the system is in- 

creased. In order to address this problem, the authors propose a novel 

Fig. 1. Conventional structure of macro-mini robot system for polishing tasks. 

Fig. 2. Comparison between the conventional and the proposed structure of macro-mini 

robot system. 

design of the mini robot to reduce the moving inertia by the mini robot. 

Fig. 2 schematically shows the proposed modification to the conven- 

tional macro-min robotic polishing system. As we can see from the fig- 

ure, the proposed design allows to control the polishing force between 

the polishing head and workpiece without moving the polishing mo- 

tor nor the spindle. The effectiveness of the proposed design is verified 

through real polishing experiments. 

The rest of this paper is organized as follows: Section 2 presents the 

mechanical design, system modeling and controller design for the pro- 

posed mini robot. The hardware and software of the experimental setup 

is presented in Section 3 . Discussion of the experimental results and ver- 

ification for the proposed system are presented in Section 4 . Finally, the 

conclusions and future works are given in Section 5 . 
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